This study examined the anthocyanin composition and antioxidant activity of various berries cultivated in Korea: blueberry, crowberry, Korean black raspberry, mulberry, and strawberry. The anthocyanins in berries were identified by high-performance liquid chromatography (HPLC) analysis, and each component was quantitatively analyzed. Furthermore, the antioxidant activity of berries was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical-scavenging, 2,2ʹ-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation decolorization, oxygen radical absorbance capacity (ORAC), and ferric ion reducing antioxidant (FRAP) assays. The results revealed that the total content of anthocyanins in crowberry was 35.1 mg/g of extract, which was higher than that in the other four major berry species (1.9-27.7 mg/g of extract). Nineteen anthocyanins were identified in the various berries. The major anthocyanins of crowberry were cyanidin-3-galactoside and delphinidin-3-galactoside, and those from Korean black raspberry were cyanidin-3-rutinoside and cyanidin-3-sambubioside-5-rhamnoside. These two berries also had relatively strong antioxidant activity accompanied by high total polyphenol contents. Thus, consumption of crowberry and Korean black raspberry may be beneficial in reducing the risk of developing lifestyle-related chronic diseases because of their strong antioxidant activity.
Berries are well-known sources of natural antioxidants [4] and contain antioxidant vitamins and phenolic compounds such as phenolic acids, tannins, stilbenes, flavonoids, and anthocyanins. Many studies suggest that berry consumption has beneficial effects on human health including prevention of diabetes [5] , neuroprotection [6] , reduction of cardiovascular disease risk [7] , and cancer prevention [8] . The active ingredients for these beneficial effects in berries are thought to be anthocyanins. For this reason, berries and berry-derived constituents are increasingly being incorporated into diverse nutraceutical, natural health, cosmetic and functional food products all around the world.
Anthocyanidins are pigments responsible for the observed blue, purple, red, and orange colors in plants and are widely distributed in colored fruits and vegetables, especially berries, as glycosides named anthocyanins. Anthocyanidins and anthocyanins have been reported to possess various biological effects, such as antioxidant activity [9] , anticarcinogenesis [10] , apoptosis induction [11] , antidiabetes [12] , and prevention of DNA damage [13] . Therefore, regular consumption of anthocyanin-rich foods has been considered to reduce the risk of developing various chronic diseases.
Among the berries, blueberry (Vaccinium spp.), Korean black raspberry (Rubus coreanus Miquel), mulberry (Morus alba L.), and strawberry (Fragaria x ananassa) are widely used in dietary supplement form and as beverage ingredients in Korea. Crowberry is one of the most common wild berries in the northern hemisphere in Canada, Greenland, Eurasia, and northern Europe. One species of crowberry, Empetrum nigrum var. japonicum, grows naturally in Korea. The Korean crowberry (named Shiromi) is widely used in folk medicine and is a narrow endemic species found at altitudes above 1,400 meters at Mt. Halla on Jeju Island. It has been reported that crowberries contain a wide range of phenolic compounds and a very high amount of anthocyanins [9, 14] . Kim et al. reported that crowberry can protect cells against H 2 O 2 -induced cell damage via antioxidant properties by scavenging reactive oxygen species and enhancing antioxidant enzyme activities [15] . Korean black raspberry, which is called Bokbunja, is harvested from Rubus coreanus Miquel, family Rosaceae, and is limited to Southeast Asia, especially Korea, China, and Japan [16] . Korean black raspberry juice and its wine are popular traditional beverages in Korea. Recently, consumption of Korean black raspberry wine has increased, and it may be associated with therapeutic effects on spermatorrhoea, asthma, and kidney diseases [17] . Although some compositions and functional activity of berries cultivated in Korea have been investigated, there is little detailed information available.
In this study, we prepared ethanol extracts of various berries (EEB) cultivated in Korea, and identified and quantified individual anthocyanins in the berries by high-performance liquid chromatography (HPLC). In addition, we investigated the in vitro antioxidant activity of five kinds of berry extracts. To our knowledge, this is the first report describing the anthocyanin profile and antioxidant activity of various berries cultivated in Korea. We used four different assays: the free radical-scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH), the scavenging activity on 2,2ʹ-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation, the oxygen radical absorbance capacity (ORAC), and the ferric ion reducing antioxidant (FRAP) assays.
Total polyphenol and flavonoid contents of berries:
The berry samples used in this study are listed in Table 1 . The ethanol extracts of all berry samples, except that of strawberry (B5), were dark purple in color. The strawberry sample (B5) was vivid yellowishred. Phenolic compounds are commonly found in both edible and non-edible plants, and they have been reported to have multiple biological effects, including antioxidant and anticancer activity [18] . Berries contain a wide variety of phenolic compounds such as phenolic acids and flavonoids, including flavonols and anthocyanins. It has been suggested that flavonoids and other phenolic substances play a preventive role in the development of cancer and heart disease [7, 8] . The Folin-Ciocalteu and the AlCl 3 coloration methods are currently used to determine the total polyphenol and flavonoid contents, respectively [19] . In this study, we applied these methods to determine the total polyphenol and flavonoid contents of berry samples. These physicochemical methods are useful for evaluating various berry samples because they contain many kinds of phenolics. Table 1 shows the total polyphenol and flavonoid contents of EEB. The amount of total polyphenol and flavonoid contents in various berry samples varied widely and ranged from 26.4 to 63.3 mg/g of EEB and from 6.9 to 14.7 mg/g of EEB, respectively. As shown in Table 1 , EEB from crowberry (B2) and Korean black raspberry (B3) had higher total polyphenol and flavonoid contents than those from other samples. However, the amount of total polyphenol and flavonoid contents in EEB from strawberry (B5) were much lower than those in any other sample. a Total polyphenol contents were determined by the Folin-Ciocalteu method. Each value is the mean ± standard deviation (n = 3). b Flavonoid contents were determined by AlCl 3 coloration. Each value is the mean ± standard deviation (n = 3).
Anthocyanin profile of various berry samples by HPLC analysis:
We identified the major anthocyanin components of various berries by HPLC analysis. The chemical structures of the anthocyanins identified are shown in Figure 1 . To identify each peak, the retention times and UV spectra of all peaks were compared with those of commercially available anthocyanins and our previous report [9] . Nineteen anthocyanins were identified in total, based on the six common anthocyanidin structures (cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin). These anthocyanins have been identified from various berries [9, 20, 21] .
The HPLC patterns of blueberry (B1) and crowberry (B2) were quite similar and differed extensively from the other berries (B3-B5). The identified peaks with no comparative standard anthocyanin were determined from our previous report [9] . The peaks of peonidin-3-glucoside (peak 14) and malvidin-3-galactoside (peak 15) had almost the same retention times and UV spectra under our HPLC conditions. Therefore, when the peak that eluted at 42.5 min and which had a typical anthocyanin spectrum was obtained in the HPLC analysis, it was identified as peonidin-3glucoside/malvidin-3-galactoside and calculated using the calibration curve of peonidin-3-glucoside. The peaks for malvidin-3-glucoside (peaks 16) and peonidin-3-arabinoside (peak 17) also gave almost the same retention time.
We quantitatively analyzed each component from the calibration curve of the HPLC chromatogram using cyanidin-3-glucoside as a standard. The results of the quantitative analyses of all berry samples are shown in Table 2 . Values are expressed as means of triplicate analyses for each sample. We found that the total content of anthocyanins in crowberry (B2) and Korean black raspberry (B3) were 35.1 and 27.7 mg/g of extract, respectively, which were higher than that of the other berries (1.9-15.4 mg/g of extract). Cyanidin and delphinidin were the major aglycon structures. The major anthocyanins in crowberry (B2) were delphinidin-3-galactoside (1) and cyanidin-3-galactoside (3), and their quantities were 9.4 and 8.5 mg/g of extract, respectively. Furthermore, those from Korean black raspberry (B3) were cyanidin-3-sambubioside-5-rhamnoside (5) and cyanidin-3-rutinoside (8), and their quantities were 9.8 and 16.1 mg/g of extract, respectively. In this study, we report the first identification and quantification of individual anthocyanins in various berries cultivated in Korea.
DPPH free radical-scavenging activity of various berry samples:
The antioxidant activity is an important indicator to estimate the nutritional value of natural products such as fruits and vegetables [22] . The DPPH free radical-scavenging activity of various EEB samples is shown in Figure 2 . The DPPH free radicalscavenging activity assay system is widely used to evaluate quickly the antioxidant activity of various samples [14] .
All berry samples showed free radical scavenging activity. As shown in Figure 2 , the EEB from crowberry (B2) had the strongest DPPH free radical-scavenging activity, of over 65%. Korean black raspberry (B3) had the next highest DPPH free radical-scavenging activity of 58.4%. These EEB samples had high total polyphenol and flavonoid contents ( Table 1 ). In contrast, EEB from blueberry (B1) and strawberry (B5) formed a group with the least DPPH free radical-scavenging activity at about 20%. VE showed an inhibition of over 90% and BHT of 22%. Phenolic compounds such as flavonoids are antioxidants that possess a strong inhibitory effect against oxidation through radical-scavenging [19, 23] . Flavonoids such as anthocyanins have been reported to be the most abundant and most effective antioxidant in berries. The relationship between DPPH free radical-scavenging activity of various EEB and total polyphenol contents was examined, and a positive correlation was observed (R 2 = 0.949, data not shown). Figure  3 shows the ABTS radical cation-scavenging activity of various EEB samples. The ABTS radical cation decolorization assay is a spectrophotometric method widely used for the assessment of antioxidant activity of various substances [19, 23] . The ABTS radical cation is engendered by the oxidation of ABTS with potassium persulfate and is reduced in the presence of hydrogendonating antioxidant.
Effect of various berry samples on ABTS radical cation:
In the present study, we found that EEB samples from crowberry (B2) and Korean black raspberry (B3) had strong ABTS radical cation-scavenging activities of 86.5% and 86.2%, respectively. EEB from mulberry (B4) had high activity, whereas EEB from blueberry (B1) and strawberry (b) showed low activity (34.3% and 29.6%, respectively). The ABTS radical cation-scavenging activity of various EEB had a positive correlation with total polyphenol contents (R 2 = 0.908, data not shown). 
Effect of various berry samples on hydrophilic and lipophilic ORAC FL :
The total-ORAC values of various berry samples are shown in Figure 4 . These values represent the scavenging activity against peroxyl radical induced by 2,2ʹ-azobis(2-amidino-propane) dihydrochloride (AAPH). The ORAC FL assay is designed to measure the antioxidant activity of foods against peroxyl radical. A wide variety of foods have been tested using this method; therefore, ORAC is a standardized method for evaluating the antioxidant activity of foods. Both hydrophilic ORAC FL (H-ORAC FL ) and lipophilic ORAC FL (L-ORAC FL ) activities were measured in this study. 
FRAP activity of various berry samples:
The FRAP activity of EEB samples is shown in Figure 5 . The reducing ability of the antioxidant activity was measured using the FRAP method following the procedure described by Benzie and Strain [24] . This method is based on the reduction of a ferric-tripyridyl-triazine complex to its ferrous, colored form in the presence of antioxidants. As shown in Figure 5 , EEB from crowberry (B2) had the strongest FRAP activity (101.2 μg/mL). EEB from Korean black raspberry (B3) had the next highest FRAP activity of 98.1 μg/mL. These EEB samples had high total polyphenol and flavonoid contents ( Table 1) . EEB samples from blueberry (B1) and strawberry (B5) showed weak FRAP activity, DPPH free radical-scavenging activity ( Figure  3) , and ABTS radical cation-scavenging activity (Figure 4 ). The relation between FRAP activity of various EEB and total polyphenol contents was also examined, and a significant positive correlation was observed (R 2 = 0.920, data not shown).
Although all EEB samples used in this study had FRAP activity, EEB from crowberry (B2) and Korean black raspberry (B3) exhibited high FRAP activity. These results suggest that crowberry (B2) and Korean black raspberry (B3) contain large amounts of compounds capable of reducing ferric cations. In all antioxidant assay systems, these two berries showed significantly higher activity than the other berry samples. Therefore, crowberry (B2) and Korean black raspberry (B3) could be potent antioxidant food material.
In this study, we investigated the anthocyanin composition and antioxidant activity of various berries. The major anthocyanins in berry samples were identified by HPLC analysis and quantitatively analyzed each component. To our knowledge, this is the first paper describing the anthocyanin composition and antioxidant activity of various berry species cultivated in Korea. This study demonstrated that crowberry and Korean black raspberry contain a wide range of phenolic compounds and a very high amount of anthocyanins. Furthermore, in both DPPH and ABTS radical-scavenging methods, their extracts showed stronger antioxidant activity than the other berry species. Crowberry, especially, had the highest activity according to the ORAC FL and FRAP assays, suggesting that crowberry is the most powerful antioxidant berry among the five used in this study. However, the extract from strawberry had relatively weak antioxidant activity, which was consistent with the low total polyphenol and anthocyanin contents. Therefore, crowberry and Korean black raspberry extracts are evaluated as good sources of natural antioxidants to counteract the damaging effects of free radicals and to prevent oxidative stress-related diseases effectively. Furthermore, these berries may be useful for the food and cosmetic industries and/or as pharmaceuticals.
Experimental

Chemicals and reagents:
The standard anthocyanins, cyanidin-3galactoside, cyanidin-3-glucoside, cyanidin-3-rutinoside, delphinidin-3-glucoside, pelargonidin-3-glucoside, peonidin-3glucoside, malvidin-3-galactoside, and malvidin-3-glucoside, were obtained from Extrasynthese (Genay, France). ABTS, ascorbic acid, BHT, Trolox, VE, 2,4,6-tripyridyl-s-triazine (TPTZ), and quercetin were purchased from Sigma (St. Louis, MO, USA), AAPH, DPPH, fluorescein, and gallic acid from Wako Chemicals Industries (Osaka, Japan), Folin-Ciocalteu reagent from Kanto Chemicals (Tokyo, Japan), and acetic acid, aluminum chloride, iron chloride, and potassium persulfate from Junsei Chemical (Tokyo, Japan).
Berry samples:
Five kinds of fresh berries were used in this study. Blueberry (Vaccinium spp.), Korean black raspberry (Rubus coreanus Miq.), and mulberry (Morus alba L.) were obtained from a farmhouse in Gochang (Jeonbuk, Korea). Crowberry (Empetrum nigrum var. japonicum) was collected at Mt Halla at an altitude above 1,400 m in August 2013. Strawberry (Fragaria x ananassa) was obtained from a farmhouse in Sunchang (Jeonbuk, Korea). The extraction method was adapted from that of Park et al. with some modifications [14] . Each berry was lyophilized using a freeze-dryer Eyela-5N (Tokyo Rikakikai. Co., Ltd., Tokyo, Japan) and was extracted with 80% ethanol at room temperature for 72 h. The ethanol suspensions were separated by centrifugation at 4,000 rpm for 10 min under 4°C, and the supernatants were concentrated under reduced pressure to give EEB. EEB were stored under dry conditions at 4°C until analyzed.
Total polyphenol and flavonoid contents:
The total polyphenol content of EEB samples was determined according to the Folin-Ciocalteu colorimetric method [25] , with slight modifications. EEB solution (0.5 mL) was mixed with 0.5 mL of the Folin-Ciocalteu reagent. After 3 min, 0.5 mL of 10% Na 2 CO 3 was added, and the absorbance at 760 nm was measured after 1 h of incubation at room temperature. EEB samples were evaluated at a final concentration of 100 μg/mL. Total polyphenol content was calculated as gallic acid equivalents (mg/g of EEB) from a calibration curve.
The flavonoid content of EEB samples was determined according to the method of Woisky and Salatino, with minor modifications [26] . To 0.5 mL of EEB solution, was added 0.5 mL of 2% AlCl 3ethanol solution. After 1 h at room temperature, the absorbance was measured at 420 nm. EEB samples were evaluated at a final concentration of 100 μg/mL. Total flavonoid content was calculated as quercetin equivalents (mg/g of EEB) from a calibration curve.
Analysis of anthocyanin by HPLC:
The extraction of anthocyanins from the five berry types was made according to the method reported by Ogawa et al., with some modifications [9] . Briefly, the freeze-dried powders (200 mg) were added to 8 mL of 80% methanol containing 0.5% acetic acid. The solution was allowed to stand in a sonicater for 1 min, and the supernatant was recovered by centrifugation at 4,000 rpm for 10 min under 4°C. After extraction 3 times, the supernatants were gathered and then concentrated under reduced pressure until dryness. The dried extracts were kept at 4°C in a desiccator with protection from light. Five mg of each extract was dissolved in 0.5 mL of 50% methanol containing 0.5% trifluoroacetic acid (TFA), and filtered through a 0.2 μm membrane filter (Kanto Chemicals, Tokyo, Japan) prior to injection of 10 μL into an analytical HPLC system.
HPLC analysis was carried out on a machine equipped with a Jasco PU-980 pump, LG-2080-02 gradient unit, UV-2075 plus detector, DG-2080-53 degasser (Tokyo, Japan) and Capcell Pak ACR reversed phase column (4.6 mm i.d. × 250 mm, 5 μm; Shiseido, Tokyo, Japan). The mobile phase consisted of 0.5% TFA in water (A) and 0.1% TFA in acetonitrile (B). The gradient was 8-10% B (0-10 min), 10-16% B (10-50 min), and 16-30% B (50-60 min). The flow rate was 1 mL/min and the detection wavelength was 520 nm.
Quantification of anthocyanins:
Quantification of anthocyanins in berries was performed using the analytical HPLC conditions described above. Cyanidin-3-glucoside was employed as the standard. The reproducibility of the determinations was confirmed by analyzing 5 technical replicates of a standard solution. The precision was expressed by the relative standard deviation (RSD). A recovery test was performed using cyanidin-3-glucoside addition.
DPPH radical-scavenging activity:
The reaction mixture contained 1.5 mL of ethanol, 0.5 mM DPPH and test samples. After 1 h incubation at room temperature in the dark, the absorbance was recorded at 517 nm [27] . Control solution contained only ethanol and DPPH. Results were expressed as percentage decrease with respect to control values. EEB samples were evaluated at a final concentration of 200 μg/mL, and BHT and VE at 20 μg/mL were used as the reference samples.
Scavenging activity of ABTS radical cation:
The ABTS radical cation (ABTS •+ )-scavenging activity was measured according to the method described by Fellegrini et al., with minor modifications [28] . ABTS was dissolved in water to a 7 mM concentration. The ABTS radical cation was produced by reacting the ABTS stock solution with 140 mM potassium persulfate (final concentration) in the dark at room temperature for 12-16 h to allow the completion of radical generation. This solution was then diluted with ethanol so that its absorbance was adjusted to 0.70 ± 0.02 at 734 nm. To determine the scavenging activity of EEB sample, 990 μL of diluted ABTS •+ solution were added to 10 μL of EEB solution, and the absorbance was measured at 734 nm 3 min after the initial mixing, using ethanol as the blank. The percentage inhibition was calculated by the equation: % inhibition = (A C -A S ) / A C x 100 where A C is the absorbance of the control and A S is the absorbance of the samples. BHT and VE were prepared as positive control samples. All EEB samples were evaluated at a final concentration of 100 μg/mL, and BHT and VE, at 20 μg/mL, were used as the reference samples.
Oxygen radical absorbance capacity assay with fluorescein (ORAC FL assay):
The ORAC FL assay was carried out according to the method of Singh et al., with minor modifications [22] . For the H-and L-ORAC FL assays, freeze-dried samples (1 g each) were extracted with 10 mL of n-hexane/dichloromethane (1:1, v/v) to obtain the lipophilic fraction. The supernatant was recovered by centrifugation at 3,000 rpm for 10 min. After extracting 2 times, the solution was kept at 4°C until use in the L-ORAC FL assay. The residue was dried under nitrogen gas and extracted with 10 mL of acetone/water/acetic acid (70:29.5:0.5, v/v/v, AWA) to obtain the hydrophilic fraction. The AWA solution was sonicated for 5 min, under 37°C. The supernatant was recovered by centrifugation at 3,000 rpm for 10 min. After extracting, the AWA solution volume was fixed at 25 mL and the solution was kept at 4°C until use in the H-ORAC FL assay.
Both H-and L-ORAC FL assays were carried out on a Flex Station II (Molecular Devices, Inc., Silicon Valley, CA, USA) equipped with an incubator set to 37°C. Thirty-five μL of either 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid (Trolox) or test sample solution diluted in 75 mM phosphate buffer (pH 7.4) was transferred to a 96-well plate, and then 115 μL of 94.4 nM fluorescein (FL) was added. After a 10 min incubation, 50 μL of 31.7 mM AAPH diluted in 75 mM phosphate buffer (pH 7.4) was added to each well, and the fluorescence was then immediately measured (Ex. 485 nm, Em. 520 nm) at 2 min intervals for either 90 min (H-ORAC FL ) or 120 min (L-ORAC FL ). Individual H-and L-ORAC FL values were calculated using a quadratic regression equation relating either the Trolox or sample concentration and the net area under the FL decay curve. Linear regression was used in the range of 6.25-50 μM Trolox. The data were analyzed using SoftMax ® Pro 4.7 (Molecular Devices, Inc.). The ORAC FL value was expressed as µM of Trolox equivalents (TE) per g of fresh sample (μmol TE/g).
Ferric reducing activity power (FRAP) assay:
The FRAP reagent contained 2.5 mL of a 10 mM TPTZ solution in 40 mM HCl plus 2.5 mL of 20 mM FeCl 3 · 6H 2 O and 25 mL of 0.3 M acetate buffer, pH 3.6 [24] . Aliquots of 100 μL of test sample were mixed with 3 mL FRAP reagent and the absorbance of the reaction mixture at 593 nm was measured spectrophotometrically after incubation at room temperature for 3 min. The FRAP activity was calculated by the equation: FA = (A S / A A ) x 100 where FA is the FRAP activity, A S is the absorbance of the samples, A A is the absorbance of the ascorbic acid, and 100 is the concentration of the ascorbic acid (100 μg/mL). BHT and VE at the 1/10 concentration of EEB samples were used as the reference samples. Results were expressed as µg per mL of ascorbic acid equivalent.
